Abstract: DP980 steels were joined using fiber laser welding. The welded joint was characterized in terms of hardness distribution and tensile behavior at room temperature, 150 ℃, and 300 ℃, respectively. The finegrained martensite in supercritical heat affected zone (HAZ) resulted in the highest hardness (428 Hv), while the tempered martensite contributed to the hardness decreasing . Both the ultimate tensile strength and yield strength of the base metal and welded joint decreased at 150 ℃, and then increased at 300 ℃ due to dynamic strain aging (DSA). The welded joint exhibited slightly higher yield strength and lower elongation at all the test temperatures compared to base metal due to the hardened fusion zone. The energy absorption reduced slightly with increasing temperature both for base metal and welded joint, and the weld posed a minor effect on the energy absorption. Deformation was one of the requirements for DSA effect. DSA enhanced the hardness of base metal ( + 78 Hv) and softened zone ( + 53 Hv). HAZ was not softened enough to become the weakest position during tensile test.
Introduction
Over the last decade, advanced high strength steels (AHSSs), including dual-phase (DP) steel, transformationinduced plasticity (TRIP) steel, and complex phase (CP) steel, have been developed rapidly to meet the increasing demand for passenger safety and fuel economy [1] . Among these AHSSs, DP steels have been used widely in automotive industry in terms of reducing vehicle weight [2] . The microstructure of DP steels consists of a dispersion of hard martensite islands in the soft ferrite matrix, contributing to the high strength as well as good ductility [3] .
Welding and joining of DP steels are indispensable in automotive manufacturing process. Previous studies indicated that a softened zone with lower hardness existed in the heat affected zone (HAZ) across the welded DP steels [4, 5] , and the properties of the welded joint were significantly influenced by the presence of the softened zone. It is stated that the softening degree depends on the strength grade of base metal (BM) and heat input during welding [5, 6] . Laser welding has received high attention due to its high energy density, flexibility, and efficiency compared to spot welding and gas metal arc welding. Lee et al. welded DP980 steel in three methods: laser welding, tungsten inert gas welding, and metal active gas welding [7] . The results showed that the laser welded joint failed at BM during tensile test, because laser welding produced narrower HAZ with higher strength compared to other welding methods.
Various investigations have been carried out to understand laser welding of DP steels in terms of tensile behavior, formability, fatigue property, and so on. Farabi et al. studied the tensile properties of the diode laser welded DP600 steel joints and found its yield strength (YS) increased but not for ultimate tensile strength (UTS). The ductility decreased significantly as the tensile sample fractured at the softened zone [4] . Xu et al. evaluated fatigue properties of fiber laser welded DP980 steel joint [8] . They found equivalent fatigue life of the fiber laser welded joints was at a higher stress amplitude of above 300 MPa, while the fatigue resistance was susceptible to the presence of softened zone at lower stress amplitude below 300 MPa. Panda et al. analyzed the formability of diode laser welded DP800 and DP980 [9] . When the softening phenomenon occurred at the HAZ of the DP980 and DP800, the strain and fracture localized in the softened zone of welded blank.
Although many researchers have studied the evolution of microstructure and mechanical properties of laser welded blanks, there are very few studies for the regional properties of laser welded DP steel joints. It is difficult to characterize the mechanical properties of weld and HAZ of laser welded joints using a conventional tensile test [10] . During the process of steel sheet stamping, especially the rapid stamping, the temperature of the metal and die will be increased obviously. For example, the temperature of interstitial-free steel (IF) can reach 100 ℃ and high strength steels can reach higher than 120 ℃ [11] . On the other hand, there are some DP steel joints may work at a temperature slightly higher than room temperature in a car body, e. g., component near the engine. However, the nonequilibrium phase of martensite in DP steels is easily decomposed under the influence of heat. Thus for the laser welded DP steel joints, it is necessary to investigate the variation of mechanical property at high temperatures [12] [13] [14] [15] .
Fiber laser welding, with narrow beam size and high power density, is a promising method for the welding of DP steels. In this work, DP980 steel was welded using fiber laser. The regional mechanical properties of welded joints were evaluated by microhardness. The tensile behavior of welded joint at high temperatures was investigated. Tensile properties of base metal were obtained under similar conditions for comparison.
Experimental procedure
The DP980 steel base metal was 1.2 mm thick, which was cold rolled and coated with hot dip galvannealing (GA) coating. The chemical compositions of DP980 steel are listed in Table 1 . The steel sheets were assembled in buttjoint configuration to make a 200 × 200 mm welded blank (Figure 1(a) ). An IPG Photonics YLS-6000 fiber laser system with a peak power of 6 kW attached to a Panasonic robotic arm was used for the butt joining with the selected welding parameters as listed in Table 2 . No shielding gas was employed during the welding. The welding direction was perpendicular to the rolling direction of base metal.
The metallographic samples of the laser welded joints were cut perpendicular to the welding direction, far away from the sheet edge to eliminate the transient effect of the welding operations. The metallographic samples were Table 1 : Chemical compositions of the DP980 steel (wt%). 
prepared by standard metallographic procedures followed by etching with 3 % nital solution. The microstructure of the welded joint were observed by OLYMPUS DP72 optical microscope (OM) and JSM6010 scanning electron microscope (SEM). Vickers microhardness was performed on the etched samples using FM-800 microhardness tester with a load of 300 g and a dwell time of 15 s. Transverse tensile samples were machined from the welded sheets according to ASTM: E8/E8 M standards. The weld was positioned at the center of the transverse tensile samples, shown in Figure 1 (b). The tensile strengths were evaluated using a computerized INSTRON8801 testing system at a constant velocity of 1.5 mm/min. Tensile tests were conducted at room temperature, 150 ℃, and 300 ℃, respectively. At least two samples were tested at each temperature level. The fracture surface of the welded joint was observed by SEM.
Results and discussion
Microhardness evolution and microstructure analysis Figure 2 shows the overview of weld cross-section with microhardness test points. The autogenous welding exhibited a significantly microstructural change in the HAZ and fusion zone (FZ). The corresponding microhardness profile across the joint tested at the top, middle, and bottom is shown in Figure 3 , which present an asymmetric characteristic. And no obvious difference could be found indicating a heterogeneous structure in the thickness direction. The hardness of BM was approximately 320 Hv with the microstructure of soft ferrite and hard martensite (Figure 4(a) ). The hardness of fusion zone (379 Hv) was elevated obviously compared to that of the BM (320 Hv). A fully hardened phase of martensite was found in the FZ (Figure 4(b) ), which was resulted from the high cooling rate during laser welding. The hardness in the HAZ varied significantly, while the width of the HAZ was quite limited, i. e. less than 1.0 mm. Detailed microhardness distribution in HAZ is presented in Figure 5 (a) and Table 3 . The region near the FZ was supercritical HAZ experiencing a peak temperature above A c3 , which was fully quenched after austenization due to a rapid cooling [16] . The supercritical HAZ consisted of coarse-grain martensite and fine-grain martensite, as shown in Figure 4(c) and (d) . The fine-grain martensite attributed to the highest hardness (428 Hv) across the joint. There was a sharp drop of hardness from the supercritical HAZ to the intercritical HAZ, because the intercritical HAZ experienced a temperature between A c1 and A c3 , causing incomplete quenching. The lower hardness (Table 3) in the intercritical HAZ was attributed to the reduced volume fraction of martensite (Figure 4(e) ). The lowest hardness was found in the subcritical HAZ near the base metal, also known as the softened zone (289 Hv) [5] . The softening phenomenon resulted from the tempering of preexisting martensite under the temperature of A c1 . The decomposition of the martensite could be clearly seen in Figure 4 (f). The tempering behavior of welded DP steels has been reported in several previous studies [17] [18] [19] .
The detailed 2D hardness map of the welded joint is shown in Figure 5(b) . The thermal cycle experienced during the laser welding varied with the increased distance from the weld center. As a result, the hardness distribution across the welded joint underwent different changes, which were in accordance with the microstructure evolution. This dramatic change of the hardness would certainly affect the mechanical performance of welded joint. The mechanical properties of laser welded joints, such as tensile properties, fatigue properties, formability and so on, have been investigated by many researchers [8, 9, 20] .
Tensile behavior at high temperatures
Detailed tensile results are shown in Figure 6 . The DP980 welded joints exhibited almost the same UTS to that of BM ( Figure 6(a) ). However, it has a slight increase in terms of the YS at all testing temperatures compared to the BM, while a decrease of elongation was found (Figure 6(b) ). These differences may result from the hardened FZ, which constrained the deformation of tensile samples.
For the BM and welded joint, both the UTS and YS decreased at 150 ℃, and then increased at 300 ℃. These variations of tensile strength are related to the phenomenon of dynamic strain aging (DSA) [12, 14, 21] . It should be noted that the microstructure of the welded joint was nonuniform compared to the BM. Elongation of the BM decreased with increasing of temperatures, while such trend could not describe the welded joint. As shown in Figure 7 , the serrations can be observed in the stressstrain curves of BM tested at 300 ℃, illustrating the discontinuous plastic flow, which is in accordance with other studies on DSA [12, 22] . However, no obvious serration was found for the DP980 welded joint. At 300 ℃, interstitial solute carbon and nitrogen atoms with sufficient energy may diffuse to the space of dislocations and inhibit further movement of dislocations. As a result, higher strength is required to overcome the obstacles from the locking atmosphere [23] . At lower temperatures, solute carbon atoms may unable to lock the dislocations e. g. 150 ℃. For DP steels at high temperature, the martensite tempering must be considered besides the well-known high temperature softening effect [14] . However, the DSA effect was dominant at 300 ℃ despite the tempering of martensite contributed to the softening effect. Ekami found that the tempering effect is dominant and the strength decreased when the temperature is higher than 450 ℃ [21, 24] .
In many practical applications, only limited deformation is allowed. As a result, the initial stress-strain character is important in consideration of safety. Therefore, energy absorption was obtained by calculating the area under stress-strain curves up to 10 % engineering strain [25, 26] . As shown in Figure 6 (b), energy absorption decreased slightly with increase of temperature both for the BM and welded joint, indicating the ability to resist deformation was lower than that at room temperature. Parkes et al. have reported that the energy absorption decreased with increasing of temperature of DP980 welded joint, and a significant decrease of energy absorption was found compared to that of BM [27] . However, the BM and welded joint presented a minor difference in terms of the energy absorption in our present study. This was due to the difference in failure location during tensile test and will be discussed in later section.
Hardness changes after high temperature
The hardness across the joints after tensile test is presented in Figure 8 , which clearly shows the effect of DSA.
The hardness profile after test at 150 ℃ showed similar values to that of room temperature. When the DSA effect was dominant at 300 ℃, the extent of DSA effect varied across the joint, causing a more obvious hardness reduction (−56 Hv) at HAZ [27] . The hardness of base metal ( + 78 Hv) and softened zone ( + 53 Hv) were enhanced significantly, while no obvious hardness elevation was found at FZ.
The welded joint without tensile test was post heat treated at 300 ℃, 15 min for comparison, which was similar to the heat condition during tensile test. The microstructure of BM, FZ, and softened HAZ of the heated treated joint is presented in Figure 9 . The martensite in BM and FZ decomposed at 300 ℃, of which white carbide precipitates could be found (Figure 9 (a) and (b)). The post heat treatment posed slight effect on the softened zone, since the softened zone had been tempered (Figure 9(c) ). However, no distinct variation of hardness profile could be found between the post heat treated (300 ℃, 15 min) and untreated joints, as shown in Figure 8 . On the other hand, the hardness of the post heat treated joint without deformation was well below that of the joint after tensile test at 300 ℃ (Figure 8 ). This obvious hardness gap indicated that deformation was one of the requirements for DSA. At intermediate temperature，e. g. 300 ℃, the interactions of dissolved carbon and nitrogen with dislocations leaded to the hardness increase. There are several factors which can affect DSA, such as temperature, solute concentration, and strain [28] [29] [30] . Hamidreza et al. have studied the simultaneous effect of pre-strain and temperature on mechanical properties of DP steels. And the increase of YS and UTS with increasing pre-deformation was found at a given deformation temperature [31] .
Fracture analysis
In the present study, the failure location did not change at high temperatures. All the welded tensile samples tested at room temperature, 150 ℃ and 300 ℃ failed at BM (Figure 10 ). Constrained by the BM and hardened FZ, the softened HAZ was not severe enough to become the weakest position during tensile tests [1] . Lower power density, e. g. diode laser welding, could result in a severe softened zone [7, 32] . The severe softened zone may lead to premature failure of welded samples, and the joint finally fractured at HAZ. At the same time, the energy absorption would be reduced compared to the BM. These results have been confirmed in literatures [25, 32] . The fracture mechanisms are characterized as void nucleation, growth and coalescence both for the BM and welded joint. Dong et al. have revealed that void nucleation occurred mainly at the ferrite-martensite interface, as a result of the local incompatibility of plastic deformation between ferrite and martensite [25] . The typically deformed microstructures near the tensile fracture surface for the welded DP980 at various temperatures are presented in Figure 11 . It can be seen that the martensite deformed significantly at 150 ℃ (Figure 11(b) ), while the microstructure remained unchanged compared to that of room temperature (Figure 11(a) ).The martensite tempered when the tensile test was carried out at 300 ℃, as shown in Figure 11 (c). Despite the fact that martensite tempering and high temperature softening effect lowered the strength, the DSA effect enhanced the strength with less deformation of the microstructure (Figure 11(c) ) [14, 24] . Fracture surfaces near the edge of BM and welded joint tested at various temperatures are shown in Figure 12 . There is no obvious difference could be found between the BM and welded joint because all the welded joints failed at the BM. In this study, the existence of a large amount of dimples indicates that the failure mode seems to be independent of temperature. This is consistent with the result reported in the literature [31] .
Conclusion
Fiber laser welded DP980 steel joint was characterized in terms of hardness distribution and tensile behavior at room temperature, 150 ℃, and 300 ℃, respectively, and the results indicate that: 1. The hardness distribution exhibited dramatic change across the DP980 welded joint. The fine-grained martensite in supercritical HAZ resulted in the highest hardness (428 Hv) across the joint, while the tempered martensite contributed to the softened zone (289 Hv). 2. The welded joint exhibited slightly higher YS and lower elongation compared to that of BM at all tested temperatures due to the hardened fusion zone. DSA was dominant at 300 ℃, while solute carbon atoms may not be able to lock the dislocations at 150 ℃. The UTS and YS decreased at 150 ℃, and then increased at 300 ℃ both for the BM and welded joint. Energy absorption decreased slightly with increasing temperature both for the BM and welded joint, and the weld posed a minor effect on the energy absorption. 3. The phenomenon of DSA enhanced the hardness of BM ( + 78 Hv) and the softened zone ( + 53 Hv) with different extent after the tensile test at 300 ℃, which were much higher than that of the post heat treated joint (300 ℃,15 min) without deformation. The hardness of fusion zone was nearly unaffected by DSA. 4. DSA caused an obvious hardness reduction (−56 Hv).
The softened HAZ was not severe enough to become the weakest position during tensile tests. All the welded joints failed at the BM, and the temperature posed no obvious influence on the fracture surfaces between the BM and welded joint. 
